Summary:
Localization of ATP-hydrolyzing enzyme activity at pH 9.0 was examined using rat tail bones which had been treated with the perfusion decalcification technique.
The lead citrate methods after Ogawa and Mayahara (1969) or Ando et al. (1981) were used for demonstration of enzyme activity, which was mainly present on the plasma membrane and in the intracellular granules of osteoblasts. Osteocytes and osteoclasts did not have any significant activity. The activity was resistant to EDTA-decalcification and stimulated not only by Mg++ ions but also Ca++ ions. Neither levamisole nor sodium fluoride affected it. These findings showed that there was ATP-hydrolyzing activity which was not due to alkaline phosphatase in osteoblasts.
Since this activity was stimulated by Ca++ ions, it seems to be identical with so-called Ca-ATPase.
The existence of ATP-hydrolyzing enzyme activity at high alkaline pH in the microsomal fractions of bonel2) and teeth°, which was not due to the catalytic action of alkaline phosphatase, had been reported. The ATP-hydrolysis seemed to be in some way associated with calcification14) and/or with calcium transportl6) in bone.
Though many papers have dealt with alkaline phosphatase activity in bone, no ultracytochemical investigations on ATPhydrolyzing activity at high alkaline pH in bone cells have yet been reported. For this reason, we attempted to investigate the localization of ATP-hydrolyzing enzyme activity in bone cells, using the lead citrate methods" ").
Materials and Methods
For the present study, 7-week old male Sprague-Dawley rats, weighing 180-220 g, were used. After perfusing the rats with 2.5% glutaraldehyde in 0.1 M HEPES buffer (pH 7.4) through the abdominal aorta for 12 min, 5% EDTA in 30 mM HEPES buffer (pH 7.4) containing 7% sucrose was perfused for 3 hr4). The tail bones were excised and rinsed in 30 TTIM HEPES buffer (pH 7.4) containing 8% sucrose at 0°-4°C overnight. After these treatments, non-frozen thick sections (60-80 pm) obtained with a Microslicer10) were incubated in the medium for demonstration of Mg-ATPase activity at pH 9.0 after Ogawa and Mayahara"). For the controls, media lacking either ATP or 0-Fukushima et al.
MgSO4 were prepared. As inhibitors, levamisole (1 mM) or sodium fluoride (20 mM) were tested. To prevent confusion with alkaline phosphatase activity, some sections were incubated in the following medium: 3 mM ATP, 3 mM MgSO4, 2 mM lead citrate, 10 mM levamisole in 250 mM glycine-NaOH buffer at pH 9.0. This medium was modified from that used by Ando et al.') Various substrates were substituted for ATP: inorganic pyrophosphate (2 mM), thiamine pyrophosphate (2 mM), or 13-glycerophosphate (20 mM). In addition, some sections were incubated in the medium for demonstration of Ca-ATPase activity at pH 9.0 after Ando et al.') All incubations were performed for 15 min at 37°C. After the incubations, the sections were rinsed in 0.1 M cacodylate buffer (pH 7.4) containing 8% sucrose and then post-fixed with 1% 0s04 in 0.1 M cacodylate buffer for 60 min. The sections were dehydrated with acetone and embedded in Vestopal W. Ultrathin sections obtained with a PorterBlum MT-IIb microtome were observed with a HITACHI H-300 electron microscope, belonging to the Division of Morphology (Professor Teruo Suzuki), in the Bio-Medical Research Laboratories of Jikei University, after double staining with uranyl acetate and lead citrate.
Results
Mg-ATPase activity at pH 9.0 was localized both on the plasma membrane and in the intracellular granules of osteoblasts (Fig. 1) . The electron density in the Golgi apparatus and endoplasmic reticulum was also elevated in these specimens, but it was difficult to determine whether this was due to enzyme activity or not. No significant activity was observed in osteocytes ( Fig. 2 ) or in osteoclasts (Fig. 3 ) in the present study. The enzyme activity was resistant to complete decalcification with EDTA, an uncompetitive inhibitor of alkaline phosphatase").
The activity on the plasma membrane was mainly present on the lateral membrane facing the intercellular space of osteoblast lining cells. Occasionally, the reaction product was present on the plasma membrane of cytoplasmic processes projecting into the osteoid (Fig. 1) . No significant activity was seen on the sides facing the capillaries (Fig. 1) . Activity was also localized in the intracellular granules. These granules were spherical in shape, filled with electron-dense material, and present not only in the peripheral region ( Fig. 1 ) but also the central portion (Fig. 4) of osteoblasts.
The elimination of either ATP or MgSO4 from the standard medium resulted in complete loss of cytochemical reaction (Figs. 5 and 6). The activity was not inhibited by 1 mM of levamisole, a potent inhibitor of alkaline phosphatase (Fig. 7) . NaF (20 mM), known to be an inhibitor of inorganic pyrophosphatase'5), did not affect it either (Fig. 8) .
When glycine-NaOH buffer containing 10 mM of levamisole was used in the incubation medium in place of tris-HC1 buffer, ATP-hydrolyzing enzyme activity at pH 9.0 was also localized on the plasma membrane and in the intracellular granules (Fig.  9 ). This enzyme seemed to have ATP substrate specificity, because substitution of ATP with inorganic pyrophosphate, thiamine pyrophosphate, or O-glycerophosphate resulted in no significant reaction in osteoblasts (Figs. 10-12 ). In addition, Ca-ATPase activity at pH 9.0 was also demonstrated both on the plasma membrane and in the intracellular granules of osteoblasts (Fig.  13) .
Discussion
It has been recognized that ATP-hydrolyzing activity at high alkaline pH has an important role in calcification and Ca' transport in hard tissuess ' 12) . The existence of at least three enzymes which degrade ATP at high alkaline pH in bone has been reported: alkaline phosphatase, inorganic pyrophosphatase s) and specific ATPase. Magnusson° histochemically investigated ATP-hydrolyzing activity at high alkaline pH in non-decalcified bones and teeth, and concluded that the major part of the orthophosphate-splitting activity was due to the catalytic function of alkaline phosphatase . Further, he suggested in the same paper that not only Ca-ATP, but also Mg-ATP, was a most suitable substrate for the enzyme. By contrast, Messer et al.11) reported that an ATP-hydrolyzing enzyme which was different from alkaline phosphatase was present in the bone plasma membrane fraction. This enzyme had an optimum pH of 8.0-8.3, compared with 9.8-10.0 for alkaline phosphatase. The ATP-hydrolyzing activity was activated by Mg ions or Ca.' ions. Felix and Fleisch3) investigated the ATP-hydrolyzing activity of purified calf bone alkaline phosphatase. The highest activity was found at pH 10.0 and tended to be inhibited by Ca' ions. These biochemical findings led us to understand that this ATP-hydrolyzing enzyme which was different from alkaline phosphatase existed in the microsomal fraction of bone.
On the other hand, GranstrOm and Linde studied both biochemically6) and histochemically 7) the ATP-hydrolyzing activity in odontoblasts. The ATP-hydrolyzing enzyme activity was determined in the presence or absence of bromotetramisole oxalate (R8231). The activity under the influence of R8231 was stimulated by Mg' or Ca' ions, and was unaffected by Na+ Mg-ATPase activity at pH 9.0 was localized on the plasma membrane and in the intracellular granules (arrow). The activity on the plasma membrane was mainly present on the lateral membrane. No significant activity was seen on the sides facing the capillaries or the osteoid. Arrowhead indicates cytoplasmic processes. Occasionally, the reaction product was present on the plasma membrane of the cytoplasmic processes of osteoblasts. Staining with uranyl acetate and lead citrate. X 9,100. Mg-ATPase activity at pH 9.0 in the intracellular granules of osteoblasts. These granules were spherical in shape and filled with an electron-dense material. Staining with uranyl acetate and lead citrate. X 11,000. When Al? was removed from the standard medium, the reaction product was completely abolished. Staining with uranyl acetate and lead citrate. X 11,000. The activity was dependent on divalent cations, because no significant activity appear when the specimens were incubated with Mg'-omitted medium. Staining with uranyl acetate and lead citrate. X 7,800. Mg-ATPase activity at pH 9.0 uninhibited by the presence of levamisole (1 mM). Staining with uranyl acetate and lead citrate. X 7,500. Mg-ATPase activity at pH 9.0 unaffected by the influence of NaF (20 mM). Staining with uranyl acetate and lead citrate. X 11,000. When glycine-HaOH buffer containing 10 mM of levamisole was used in the incubation medium instead of tris-HC1 buffer, Mg-ATPase activity at pH 9.0 was also localized on the plasma membrane and in the intracellular granules of osteoblasts. Staining with uranyl acetate ad lead citrate. X 18,000. 
